a Objective: Antiretroviral therapy (ART) management for HIV-infected children is critical in many resource-constrained countries. We investigated the cost-effectiveness and cost-utility of different frequencies of monitoring plasma viral load among HIVpositive children initiating ART in a resource-limited setting. Results: The optimal frequency of viral load monitoring was found to be annual, after a single screening at 6 months. Associated costs of viral load monitoring and appropriate ART would approximately triple current treatment costs. Compared with current conditions, a single screening during the first year of ART led to a 58.4% reduction in the total person-years of virological failure with annual monitoring leading to a 76.6% reduction.
Results: The optimal frequency of viral load monitoring was found to be annual, after a single screening at 6 months. Associated costs of viral load monitoring and appropriate ART would approximately triple current treatment costs. Compared with current conditions, a single screening during the first year of ART led to a 58.4% reduction in the total person-years of virological failure with annual monitoring leading to a 76.6% reduction. The incremental cost per quality adjusted life year gained from the optimal monitoring frequency was estimated as US$ 68 084 when including costs of ART and US$ 7224 without ART costs. The estimated cost attributed to preventing 1 year of virological failure was US$ 3393 with ART costs and US$ 359 without ART costs.
Conclusion:
Even infrequent viral load monitoring is likely to provide substantial clinical benefit to HIV-infected children on ART. Viral load monitoring can be considered cost-effective in many resource-limited settings. However, the costs associated with second-line therapies could be a barrier to its economic feasibility.
Introduction
As the coverage of antiretroviral treatment (ART) continues to expand, improving access to laboratory testing for monitoring responses to treatment is a growing and critical area of need for low and middle-income countries [1] [2] [3] [4] . However, due to limited resources monitoring responses to treatment is often not performed in these settings despite the development of relatively inexpensive and reliable technologies [2, [5] [6] [7] .
Children are particularly affected as disease progression associated with their HIV infection is typically more aggressive compared to adults [8] . However, children remain among those least likely to obtain access to HIV viral load monitoring in resource-constrained countries [9] . Many children are often diagnosed several years after infection with advanced disease. The clinical management of children on ART is usually conducted without viral load testing and, in many cases, without CD4 cell counts and is usually based on clinical criteria. However, monitoring treatment responses through immunological and clinical criteria leads to a substantial delay in detection of poor treatment response and lacks both sensitivity and specificity for virological failure [10, 11] , especially among children [12] .
Deciding whether and how often to conduct viral load tests, and the appropriate time to change to a second-line ART regimen is undefined. Viral load testing is rarely performed because of the cost of testing and second-line ART. A mathematical model conducted by Phillips et al. [13] argued that monitoring treatment responses among adults via viral load is not cost-effective in resourcelimited settings when compared with clinical monitoring, because only a modest benefit was observed in life years and quality-adjusted life years (QALYs). However, no mathematical model to date has been applied to a child population, in which attributed costs and potential for drug-resistant mutations as a consequence of delaying treatment change and disease progression are likely to be different.
Currently, first-line ART for children in Thailand is similar to the treatment given to adults. It is relatively inexpensive and generically produced by the Thai government. It is common practice to use split fixeddose combination tablets for children, that is a fixed-dose combination of stavudine, lamivudine, and nevirapine (d4T/3TC/NVP), in a single tablet called GPO-VIR S30. A newer regimen of zidovudine (ZDV), 3TC, and NVP is currently rolling out as a single tablet, called GPO-VIR Z250 [14] [15] [16] . However, it is only inevitable that as the number of children accessing these treatments increase so will the number of children who fail them. If left unmonitored those children are likely to face increased risk of developing various comorbidities and mortality as well as the accumulation of drug-resistant mutations [17] [18] [19] [20] [21] [22] which reduce future drug options [23, 24] .
To maintain the success achieved by up-scaling the coverage of ART in resource-limited settings, optimal monitoring strategies must be developed. As viral load testing is slowly being introduced for the care of patients living with HIV infection in resource-limited settings, determining the most efficient and cost-effective strategies are essential. The current study addresses this issue through a simulation model of HIV progression in children initiating first-line ART, informed by data from a cohort of children in Thailand, to predict the clinical and economic impact of different frequencies of viral load monitoring.
Methods
The Table 1) . The children were enrolled as part of HIV treatment cohort studies at both sites. The characteristics of the children enrolled (Table 1) , with respect to age and disease progression, were similar to that of a large study conducted in Thailand of HIV-infected children [25] and are assumed to be nationally representative of all Thai children with HIV. The protocols were approved by the Institutional Review Boards and all caregivers gave consent for data collection and analyses. A total of 2230 viral load tests were conducted across the cohort with one test per child every 24 weeks, providing 1029 personyears of observation. The median follow-up time per child was 4.6 years.
Treatment response categorization
In this study undetectable viral load (viral suppression) was defined as viral load below 50 RNA copies/ml and virologic failure was defined as a viral load at least 1000 RNA copies/ml. Virologic failure was separated into two categories: incomplete viral suppression, which was defined as having a HIV plasma viral load at least 1000 RNA copies/ml after at least 24 weeks of ART, and viral rebound, defined as increased plasma HIV RNA to at least 1000 RNA copies/ml after having previously undetectable viral load.
CD4 percentage, as the percentage of total lymphocytes in a sample of blood that are CD4-positive, was used to track immunological health among individuals according to the categories: CD4% 7 or less, CD4% more than 7 but less than 16, and CD4% 16 or more. It was the preferred predictive marker for disease progression in children due to the natural reduction and variability in CD4 cell count with increasing age regardless of HIV status and has proven to be a reliable assessment tool for disease progression.
Model structure A stochastic agent-based simulation model was built using Matlab R2009a. The model consisted of three HIV disease states (based on CD4%), and death (Fig. 1) ; this is similar to the health states of the model used in a cost-effectiveness analysis conducted for HIV-infected children in Zambia [26] . However, our model allowed forward and backward transitions according to differing treatment responses among simulated individuals. Each simulated child was randomly assigned individual characteristics including age, sex, weight, CD4% and viral load, sampled from the distribution of data from the Thailand Cohort Study. Changes in an individual's weight (kg) were dependent on their age at each time-step in the model and their assigned sex; these characteristics were allowed to change through time based on the growth of an average child in Thailand.
ARTregimen, responses to these treatments, as well as the possibility of death, was also allocated to each simulated child by sampling from the distribution of data obtained from the Thailand Cohort Study ( In addition, each simulated individual had a probabilistically defined chance of death at each time-step. Eight patients (2.6%) were recorded to have died during the course of the Thailand Cohort Study (%0.6% per year). Six of the eight (75%) died with suppressed virus and were on first-line ART, one patient (25%) had failed first-line ART (incomplete viral suppression) but then achieved suppressed virus on second-line ARTand the final patient had failed both first-line (viral rebound) and second-line ART (incomplete viral suppression). A slightly higher death rate was found among those with virological failure (either viral rebound or incomplete virological suppression) than those not experiencing failure: one death per 120 person years in virological failure compared to one death per 130 person years not experiencing failure. These mortality rates were applied to the model across all CD4 levels.
The median viral and immune responses were calculated and plotted through time on ART and curves were fit to best represent the data (Fig. 2 ). To account for the variation between children, simulated children had viral and immune characteristics that were sampled from the distribution of data in the cohort but trends in these variables followed the curve trend of the median. All curves were assumed to reach a plateau after 5 years. According to simulations of these trajectories, the disease state of each child was updated weekly and at each weekly time step the probability of viral failure or death for a child in each state was used for stochastically determining whether each simulated child would experience virological failure or die in the next week. The total time each simulated individual in the model spent with virological failure or in any of the three disease states and the number of simulated deaths was tracked and tallied for 10 years. Summary statistics from a simulated population of 10 000 children across 100 simulated populations were calculated.
The model was used to forecast the expected treatment responses for a larger population of children according to different viral load monitoring strategies. A control arm of no viral load monitoring was simulated along with a number of monitoring intervention strategies: once at 6 months after initiating ART followed by no monitoring or monitoring every 6 months; year; 2 years; 3 years; or 4 years. We also simulated regular viral load monitoring at the same frequencies but without the initial 6-month screening. Individuals in the control arm were not monitored or given second-line regimens. According to each of the viral load monitoring simulations, if an individual was detected with treatment failure they were randomly allocated a second-line regimen.
Cost estimation
Costs represent the direct costs that can be allocated to viral load monitoring, including physician, laboratory and drug costs and were obtained from clinical experience in Thailand and the Thai National Health Security Office (NHSO) ( Table 2 ). The laboratory-associated costs of a single viral load test was assumed to be 1500 Baht (US$45) and the total cost for physical examination and drug distribution was estimated to be 500 Baht/visit (US$15.47). Drug costs were dependent on the total drug intake of each simulated individual, and are based on the recommended dose according to a child's weight. Children in the Thailand Cohort Study who weighed less than 15 kg were given syrup formations. Syrups are generally about 1.5 times the price of tablets due to their short shelf-life and logistics. Therefore simulated children weighing less than 15 kg were assigned to syrups and these were assumed to cost 1.5 times more than their corresponding tablets. 
Cost-effectiveness and cost-utility analysis
There is little published information on utility weights for disease progression among HIV-infected children. Therefore utility values used in the current study were based on a cost-utility analysis with similar health states conducted for children in Zambia [26] and a large meta-analysis of utility estimates for HIV/AIDS among adults [27] . The incremental cost-effectiveness of viral load monitoring in terms of QALYS, q, as health-related quality-of-life weights were assigned to each of the three disease states and to death in the model: q(CD4% !16) ¼ 0.94, q(7 < CD4% < 16) ¼ 0.82, q(CD4% 7) ¼ 0.70, and q(death) ¼ 0. Summary statistics from a population of 10 000 children across 100 simulated populations were then used to estimate the cost-effectiveness, defined as cost per year of virological failure averted, and cost-utility, defined as cost per QALY gained, of all monitoring options using the no monitoring strategy as a baseline. Discounting was applied to all costs as well as all effectiveness and utility outcomes at 0, 3 and 5%.
Sensitivity analyses
We examined the sensitivity of the results to the estimated cost of viral load tests, physical examinations, and ART (all costs AE 50%). We also investigated sensitivity of results to utility weights (q 0 ¼ q AE 0:5ð1 À qÞ) and the probability of incomplete viral suppression on second-line ART (AE50%).
Results

Virological and immunological outcomes
Compared with the status quo, of no viral load monitoring, all frequencies of viral load monitoring and access to second-line ART led to significant reductions in the average number of person-years in which children experienced ART failure (Table 3) . Higher frequencies of monitoring were most effective in lowering the total time spent with virological failure: a single viral load test after 6 months of ART led to an estimated 58.4% reduction in the total person-years of ART failure; repeat viral load monitoring every 4 years, without a screen in the first year, led to an average 46.2% reduction, and viral load monitoring every 6 months led to an average 77.8% reduction (Table 3) . Specifically, of the total person-years simulated by the model (100 000 years), no viral load monitoring led to approximately 17.5% of this time spent in virological failure compared to 3.9% when viral load testing every child every 6 months for 10 years (Table 3) .
Only marginal differences in immunological outcomes were observed between the status quo and the various monitoring interventions. This is because most simulated individuals (as in the actual cohort study) initiated treatment with CD4% below 16 and then progressed into the highest CD4% category after the initiation of first-line ART regardless of monitoring intervention type. Therefore, only a modest gain in QALYs was observed: a single viral load test after 6 months of ART led to a median 457 QALYs gained per 10 000 children over 10 years and viral load testing every 6 months for 10 years led to a median of 644 QALYs gained per 10 000 children.
Costs
The status quo, of no viral load monitoring and supplying only first-line ART for 10 years, was estimated to cost a median of US$ 21.1 million per 10 000 children over 10 years. All monitoring intervention strategies led to added costs, increasing with the frequency of monitoring: ranging between a median of US$42.9 million per 10 000 children over 10 years for a one-off viral load test after 6 months of ART and US$ 74.2 million per 10 000 children over 10 years for viral load testing every child every 6 months ( Table 3) .
The greatest contributing factor to the total cost of care was supplying first-line and second-line ART. The cost of viral load monitoring alone was significantly less: ranging between a median of US$ 552 332 per 10 000 children Virologic responses to ART in HIV-infected children Schneider et al. 1147 for a one-off viral load test 6 months after the initiation of ART and US$ 9.9 million per 10 000 children for viral load testing every child every 6 months for 10 years (Table 3) .
Cost-effectiveness and cost-utility analysis
As the frequency of monitoring increased so did the associated clinical benefits and costs. The cost attributed to 1 year of virological failure averted, including the cost of first-line and second-line ART, ranged from a median of US$ 2131 for a one-off viral load test 6 months after the initiation of ART to US$ 3913 for viral load testing children every 6 months (Table 3 ). However, due to only a modest gain in immunological outcomes compared with the status quo, monitoring viral load and supplying second-line ART for those on a failing regimen was not considered economical in terms of utility: the incremental cost per QALY ranged between a median of US$ 47 421 for a one-off viral load test 6 months after the initiation of ART and US$ 83 256 for viral load testing every child every 6 months. But when considering the costs associated with monitoring and not including the cost of ART, the incremental cost per QALY dropped substantially to a median of US$ 1183 for a one-off viral load test 6 months after the initiation of ART and US$ 15 399 for viral load testing every child every 6 months.
Optimal screening frequency
The most economic viral load monitoring strategy can be assessed based on cost-effective and cost-utility analyses.
In Fig. 3 , we present the additional cost of each strategy compared to the status quo versus the QALYs gained and years of virological failure averted. It is clear that the least cost per gain in health is achieved by a single viral load test 6 months after the initiation of ART; this is the strategy associated with the incremental cost-effectiveness ratio (ICER) line with the lowest gradient (Fig. 3) . However, we also found that there is an optimal frequency of regular monitoring. For example, the cost per year of virological failure averted is US$ 3913 at 6-monthly monitoring, it decreases to US$ 3443 for yearly monitoring, and it increases to US$ 3512 for 2-yearly monitoring and further increases for less frequent monitoring (Table 3) ; that is, a minimum cost-effectiveness ratio exists at annual monitoring. This optimal frequency was not affected by different quantitative assumptions explored in our sensitivity analysis.
We simulated combinations of one-off and regular monitoring frequencies and compared the incremental cost-effective and cost-utility ratios. We found that there was an optimal strategy combination which resulted in the lowest cost per year of virological failure averted (and cost per QALY gained). The best viral load monitoring strategy was found to be annual screening intervals after a single viral load test at 6 months and providing secondline therapies for children who have failed first-line ART (Fig. 3) . According to this strategy our model predicted a Median estimates (IQR) per 10 000 children from 100 simulated populations are shown. Discounted at 3.0%. Outcomes discounted at 0% and 5% are available upon request of the authors. ART, antiretroviral therapy; ICER, incremental cost-effectiveness ratio; IQR, interquartile range; QALY, quality-adjusted life year.
median added cost of US$ 45.5 million per 10 000 children over 10 years when including costs of ART and US$ 4.8 million without ART costs. In terms of the effects of this level of monitoring, one QALY gained cost a median of US$ 68 084 when including costs of ARTand US$ 7224 without ART costs, whereas 1 year of virological failure averted cost an estimated US$ 3393 when including costs of ART and US$ 359 without ART costs. These ratios dominate over more costly higher frequencies of monitoring, for example, monitoring every 6 months (Fig. 3) , and is therefore considered the optimal screening strategy.
Sensitivity analysis
The ICER was found to be most sensitive to the cost of monitoring and treatment and utility values, but not substantially to the rate of incomplete viral suppression on second-line ART. The cost per year of virological failure averted was found to be sensitive to the cost of monitoring and treatment and also to a lesser extent the rate of incomplete virological failure on second-line ART. However, overall the qualitative results and conclusions of our analysis were not influenced by changes in these quantitative assumptions (results not shown but available upon request).
Discussion
Our model illustrates that although children often present with late HIV infection, with low CD4 percentages, viral load monitoring and access to second-line ART have substantial short-term to medium-term clinical benefits.
Our study estimated that a single viral load test during the first year of ART would lead to an estimated 58.4% reduction in the total person-years spent with virological failure after 10 years. More frequent monitoring saw further reductions: an estimated 77.8% reduction was associated with monitoring every 6 months. The incremental cost-effective and cost-utility ratios of our analyses suggest that the best viral load monitoring strategy is to conduct a viral load test 6 months after initiating ART and then to follow this with annual viral load tests.
The costs of implementing viral load monitoring include not only the cost of viral load tests and infrastructure but of medications, as people with virological failure initiate second-line ART, that are significantly more costly than first-line regimens. However, providing antiretroviral drugs that are effective in suppressing HIV should be considered the best standard of care and thus provision of second-line therapy for children in need could be considered part of the baseline. Conservatively incorporating costs of antiretrovirals into our scenario analyses we found that the cost attributed to averting 1 year of virological failure is reasonably cost-effective (at $US$ 2000-4000). However, to implement a monitoring intervention with the optimal screening frequency found in the current study while introducing unfettered access to second-line therapies for children, our model predicted one QALY gained cost an estimated US$ 68 084. These benefits and costs would not be considered economical from a utility perspective. These results are similar to that found in an economic evaluation of viral load monitoring among the adult population [13] . Prospective public health technologies are usually deemed cost-effective when within three times of the national gross domestic product (GDP) per capita. If ART costs are not included in the evaluation of the ICER, as they may be considered the standard of care, the cost per QALY gained with our optimal viral load monitoring strategy would be US$ 7224, and would therefore be considered cost-effective. Also worth mentioning is this evaluation was not compared against the baseline of not providing any therapy, which would render regular viral load monitoring and provision of second-line ART substantially more cost-effective. This is particularly worth noting since the greatest contributing factor to the total cost of care in our model was supplying first-line and second-line ART, whereas the cost of viral load monitoring was substantially lower. Furthermore, an additional benefit of increased access to viral load monitoring is likely to be the reduction of misclassifications of treatment failure among virologically suppressed patients and therefore the premature switching to more expensive second-line regimens [10, 11] . This would not only lead to a reduction of the cost of treatment overall but also minimize exhausting second-line ART.
It is also important to consider that although we have suggested 6-monthly followed by yearly viral load testing as an optimal general strategy there may be other monitoring strategies that have more optimal economic outcomes for particular subgroups. For example, we found that immunological outcomes were dependent upon baseline CD4%: those with lower CD4% were significantly more likely to have poorer immunological responses to treatment than those who started treatment with high CD4%. Such findings have been well established in previous literature [28] and are indicative that a scenario in which less frequent monitoring is implemented for those with higher baseline CD4% and more frequent for those with lower baseline CD4% could yield a similar QALY at lower cost as calculated in the current study.
At present, the most reliable method to ensure suppressed virus in patients is regular viral load monitoring and a timely change to a second-line therapy when first-line treatment has failed [10, 29, 30] . The clinical consequences of delaying ART switching and allowing ongoing virological failure are likely to be serious [31, 32] and they should be considered when determining the appropriate clinical management for children on ART in resource-limited settings. Our model demonstrated that if monitoring is conducted every 6 months only 4% of the total proportion of person-years would likely be spent in virological failure, compared to almost 20% when left unmonitored. If such a large proportion of people were allowed to remain indefinitely on a failed first-line regimen there will be an accumulation of drug-resistant mutations [17] [18] [19] [20] [21] [22] that may spread further in the population and compromise the long-term efficacy of first-line and second-line ART [23, 24] .
Our model only considered the short-term to mediumterm outcomes of variable viral load monitoring frequencies. The potential long-term impact on the development of specific mutations and the influence on second-line and third-line regimens as well as the spread of resistance among the wider population were not considered in our model and is the primary limitation of the current study. Confirmation of such long-term clinical implications would need to be determined by further studies of second-line ART. A further limitation of our model was that it was primarily informed by a relatively small cohort of children who presented with low CD4 percentages and high viral loads who were generally older and in the later stages of HIV infection than the demographic and disease state distributions of most populations of children living with HIV globally. It is likely that they are a surviving population and are therefore not representative of all children initiating ART globally; however, the Thai cohort from which data are used in our calculations are considered representative of children currently initiating treatment in Thailand [25] and most likely other similar resource-constrained settings. Age was not found to be a predictive marker of virological outcomes at 24 weeks after initiation of treatment (t 259 ¼ À1.404, P ¼ 0.161), nor after 48 weeks (t 235 ¼ À0.449, P ¼ 0.654) and was therefore not considered in the current study. However, Walker et al. [33] found that starting treatment at a young age increases the risk of poor virological response. Future analyses may need to consider the association of other demographic and immunological variables to the optimal frequency of viral load monitoring to further refine guidelines. Finally, it is important to apply some caution when interpreting health outcomes that are derivative of certain utilities, for example QALYs. Using QALYs to identify the optimal allocation of scare resources has been shown to be somewhat capricious [34] . In our study, the QALYs were based on data obtained from an adult population, which may have different quantities than the true quality of life utilities of children.
There is a need to introduce an affordable, feasible and sustainable system for viral load monitoring in resourcelimited contexts. Despite the enormous progress made in the access to first-line ART for HIV-infected children around the world, many challenges remain in access to laboratory testing for the clinical management of children who fail ART in resource-limited settings. This, along with access to second-line therapies, remains a critical area to be overcome for the assurance of long-term efficacy of ART in these settings. Our model shows large differences in the total time spent with virological failure between different frequencies of monitoring, in which it was particularly valuable to conduct a viral load test and change the ART of children with incomplete viral suppression after approximately 6 months of commencing ART and then to follow this up with testing on a yearly basis to detect incidents of viral rebound. On the basis of the findings of previous empirical studies [24, 29] , early detection of virological failure is likely to provide more options and better long-term treatment outcomes.
